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We report our observations of the interaction of energetic ions with bacterial cells, inducing direct
deoxyribose nucleic acidDNA) transfer intoEscherichia coli (E. coli) Argon- and nitrogen-ion

beams were used to bombard the bactEri@oli in a vacuum with energy of 26 keV and fluence

in the range 0.5—#% 10 ions/cnf. Three DNA plasmids, pGEM2, pGEM-T easy, and pGFP,
carrying different marker genes, were subsequently transféseguhrately into the appropriately
ion-bombarded bacteria and successfully expressed. The results of this study indicate that ion beams
with an energy such that the ion range is approximately equal to the cell envelope thickness, at a
certain range of fluence, are able to generate pathways for macromolecule transfer through the
envelope without irreversible damage. ZD01 American Institute of Physics.

[DOI: 10.1063/1.1362338

lon bombardment of material results in radiation damagedescribe our work showing that ion-beam bombardment can
to the near-surface target structure and introduction of forlead to direct DNA transfer into living bacteridE. coli)
eign atoms and electric charge to the targdinergetic cells.
heavy-ion beams have been used to bombard biological ma- T0 prepare theE. coli strain DH& for ion bombard-
terials for genetic modification purposes, particularly for theMent, the bacteria were smeared as a thin layer on sterile

mutagenesis of living organisms including both plants and®dhesive tape in a petri dish that was then placed inside a
bacteria®~® In this application, the deoxyribose nucleic acid sample holder. The holder was capable of sequentially ex-

(DNA) structure inside the cell nucleus is modified randomeEOSIng a number of samples to the ion beam, as well as

. o " . ousing an unbombarded control sample. lon bombardment
by ion-beam irradiation and positive mutations are subse- . : .
was carried out using the mass-analyzed heavy-ion-

quently selected for propagation. Morg recently, ion'beammplantation facility at Chiang Mai Universit}* Argon or
bombardment has been used for.the direct transfer of exogﬂtrogen ions at 26 keV bombarded tBecoli to fluences of
enous macromolecules sqch as vital dye and DNA into plang s 114 1% 105 2x10'° and 4x 10 ions/cn?. Inside
cells. GUS gene transfer into rice cell suspensiand to- the target chamber the operating pressure was abodtRa
bacco poller!,and transfer of Trypan blué vital dyg into  and the temperature of the target was about 0°C. The
Curcumaembryd induced by heavy-ion-beam bombardmentsamples were maintained under these conditions for about
have been described. In ion-beam-induced DNA transfel.5-2 h, allowing for system pump-down and ion bombard-
only the cell envelope is bombarded so as to allow a subsenent.

qguent orderly transfer of whole DNA into the internal cell Our procedure was to carry out the ion bombardment as
region. We point out that the cell envelope can be a complegescribed above, followed by DNA transfer by incubating a
structure consisting of a number of distinguishable regiongnixture of the DNA and the ion-bombarded bacteria, fol-
such as outer membrane, cell wall, and plasma memBrandowed finally by biological testing procedures to confirm that
and the ion bombardment must provide a path for the extetn® DNA was indeed transferred. Testing for DNA transfer
nal DNA or other macromolecules through the thickness ofv@s done sequentially by two independent methods: detec-

the entire envelope. Although ion-beam-induced DNA transion of marker genes, and measurement of the transferred
fer into plant cells, and ion-beam-induced mutation of the

DNA molecular size. In our work, three marker genes were
LacZgene in the bacterigscherichia coli (E. coliYRef. 10

selected:amp”, LacZ and GFP genes. Theamp™ gene
have been demonstrated, ion-beam-induced DNA transf{[

roduct is resistant to ampicillin. ThHeacZ gene product is
: . n enzyme callegB-galactosidase, which can hydrolyze an
into bacterial cells has not been reported up to now. Here, Wgiicial chemical called X-gal to release a blue pigmént.
The GFP gene product is a protein called green fluorescent

¥Electronic mail: thirapat@fnrf.science.cmu.ac.th protein, which can be visualized in green under ultraviolet
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TABLE I. DNA plasmids used in the study. x10** was not observed. None of the cells bombarded with
Molecular size any fluence of N ions and subsequently incubated with the
DNA plasmid (kb) Marker gene carried  Plasmids was able to grow in the [Bmedium, nor the

" control sample. Thé. coli containing the other two trans-
SEEM?T casy 2?;'80 ngﬂ LacZ ferred plasmids behaved ;imilarly, in.particular showing
pGFP 3.3 amp', GFP good growth for the bacteria treated with an Ar fluence of
2% 10% ions/cnt even though incubated for different time
periods. Blue colonies were exhibited for thecoli detected
with the transferred.acZ gene, as shown in Fig(d). Green

gxa) t“hgehzqgliecggre;?%rwhOrESIS technique s used to mea(_:olonies were visible under UV light for the. coli detected

We used three different DNA plasmids—pGEM2 with the transferredsFP gene, as shown in Fig.(d). This

DGEM-T easy, and pGFP—uwith different molecular SizeSbehavior of the color colonies demonstrates a completely
and carrying ciifferent marker genes, as shown in Table Isuccessful transfer of the corresponding genes into the bac-

The ion-bombarded bacterial cell samples were remove&eria without loss of genes originally carried by the DNA

from the vacuum chamber and promptly, within about 10_1Eﬁ:asmlds. Sugcesslful ?NA _transfir W?]S further;onﬂr;nzd by
min, suspended in 15@1 LB~ medium for 2—-5 min(LB e measured molecular sizes. As shown in Figs) an

medium, “Luria broth,” is a bacterial culture medium, and 1(d), the gel electrophoresis displacementilocations of the
LB~ is LB medium without ampicillin supplement10—15 pGEM-T easy and pGFP transferred plasmids correspond to

ul of the cell suspension were incubated separately with létandard positions of_m(_)IecuIar si_zes 3 and 3'3_ Ifb’ respec-
ug of each plasmid on ice. The incubation period was 3(pvely. These results indicate that indeed the original exog-
min and a 15 min period w;as also used for the pGFP cas&nous plasmids were transferred into the ion-bombafed
Then, the mixtures were cultured in 3 ml CBat 37 °C for 2 coll. . . . .

h with vigorous shaking. For testing the property of ampicil- _Pnhysical mechanisms that offer an explanation for ion-

lin resistance, the cultured mixtures were added with ampiP&@m-induced macromolecule transfer into cells have been

cillin antibiotic to a final concentration of 10pg/mi (the  discussed previously for the case of plant céfigwo pos-

medium called LE) and cultured further overnight under Sibiliies have been considered: electroporaffoin which

the same conditions as above. Vacuum-treated but nonborRO'€S in the plasma membrane may be opened by ion-beam-
barded control samples were cultured in bothL&nd LB induced electric-charge transfer across the cell envelope, and
media. Since pGEM-T easy and pGFP plasmids contain nditching of the cell by ion-beam sputtering leading to perfo-
only theamp" gene but also others, the propertiesLatcZ ration of the cell envelopéincluding outer membrane, cell
and GFP genes were subsequently tested for in Ehecoli ~ Wall, and plasma membraneElectroporation is a transient
that had positively shown the presence of #rap” gene. effect, however, occurring promptly at the time of cell charg-
For detecting thé.acZ gene, theE. coli samples bombarded ing and of gate width small compared to a second. In the

at a fluence of X 10" ions/cn?, incubated with pGEM-T  Present case where the DNA transfer occurs not simulta-
easy and cultured in LB' were then cultured Overnight on neOUSIy with ion bombardment but instead at a time of about

agar-solidified LB together with X-gal and a chemical in- 10 min or so after the bombardment, electroporation would

ducer IPTG(for activating the gene For detecting the exis- Seem to be ruled out.
tence of theGFP gene, theE. coliincubated with pGFP was Collisional effects of the beam in the cell envelope can
further cultured overnight on solid LBat 30°C and then be due to the energetic primary ions and/or to the lower-
viewed under UV light. For the molecular-size measure-€nergy secondary particles associated with the collision cas-
ments, following conventional preparatihthe transferred cade. Perforation of the cell envelope can be brought about
plasmids were individually digested by various restrictionby direct sputter removaletching of material at relatively
enzymes(Pstl, EcaR1, andXbal) and then analyzed by gel high collision energy and also by breaking of chemical bonds
electrophoresis. All the experiments were repeated at leagésulting in damage to the cell envelope at considerably
twice. lower energy. Molecular-bond breaking can be effected not
The observed results were as follows. The controlonly by energetic primary ions but also by secondary par-
samples that were exposed to the vacuum and lowticles in the collision cascade, and in this case the number of
temperature environment but not ion bombarded grew weldtoms displaced can be several hundreds for each primary
in LB~ but not in LB", thus indicating that the harsh con- ion. The ion range(distance below the cell surface to the
ditions did not suppress cell viability. TH& colibombarded peak of the implanted ion distributipiis critical for optimal
with fluences of 5 10% 1x10%, and 2x<10Y ions/cn?f  perforation of the cell envelope—cell damage should extend
grew well in LB~ but not in LB", whereas those bombarded through the thickness of the cell envelope but should be
with 4x 10" ions/cn? did not grow in the media, implying minimal in the interior cell regioricytoplasm. Estimates of
that the experiment on the lower-fluence ion-bombarded baden range contain considerable inherent uncertainty because
teria was meaningful. Growth of th&. coli into which  of a lack of precise knowledge of the cell envelope compo-
pGEM2 was transferred was found to be dependent on thgition, mass density, and physical state under our experimen-
ion species and bombardment fluence. For Ar-ion bombardtal conditions (low pressure and temperature within the
ment with fluences of X 10'° and 2x 10 ions/cnf, the  vacuum chambgr Nevertheless, Monte Carlo and analytical
bacteria grew successfully in the I'Bnedium, whereas sur- calculations using therim code®1” and therroFILE codé?®

vival growth of the bacteria bombarded with a fluence of 5and with our best knowledge of the cell enveldpéndicate
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FIG. 1. (Color) Analysis of transferred pGEM-T easy and pGFP plasmids in ion-bombdtdedli strain DH%v. (a) B-galactosidase activity in LB media

added with X-gal and IPTG. ThE. coli without pGEM-T easy(1), and with the transferred pGEM-T eag3), cultured in LB and LB", respectively.

(b) Expression of green fluorescent proteirEncoli. The E. coli without pGFP(1), and with the transferred pGRR), plated on LB and LB", respectively,
visualized under UV light(c) Measurement of molecular size of pGEM-T easy in gel electrophoresis. The transferred pGEM-T easy was digested with
restriction enzymePstl (lane 2, andEcaR1 (lane 3. The original pPGEM-T easy digested witstl is in lane 4. A standard molecular-size marker is shown

in lane 1.(d) Measurement of molecular size of pGFP in gel electrophoresis. The transferred pGFP was digested with restrictiorPstizffames2, EcoR1

(lane 3, andXbal (lane 4. The original pGFP digested withstl is in lane 5. A standard molecular-size marker is shown in lane 1.
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